mAKAP (muscle-selective A-kinase-anchoring protein) co-ordinates a cAMP-sensitive negative-feedback loop comprising PKA (cAMP-dependent protein kinase) and the cAMP-selective PDE4D3 (phosphodiesterase 4D3). In vitro and cellular experiments demonstrate that PKA-phosphorylation of PDE4D3 on Ser-13 increases the affinity of PDE4D3 for mAKAP. Our data suggest that activation of mAKAP-anchored PKA enhances the recruitment of PDE4D3, allowing for quicker signal termination.
INTRODUCTION
mAKAP (muscle-selective A-kinase-anchoring protein) is part of a large family of functionally related proteins called AKAPs that serve to sequester PKA (cAMP-dependent protein kinase) to distinct subcellular compartments for local activation [1, 2] . This method of regulation ensures that the broad specificity of PKA is focused only on closely situated substrates. A second layer of anchored PKA regulation involves the dissociation of the catalytic subunit upon neighbouring increases of cAMP concentration. Thus the enzymes that generate and degrade cAMP, adenylate cyclases and PDEs (phosphodiesterases) respectively, control PKA activity tightly.
PDEs are encoded by 11 gene families, and within each family are various alternatively spliced forms [3] . PDEs are believed to play important roles in the integration of signalling pathways by controlling the spatial gradient of cyclic nucleotides [4, 5] . Specifically hydrolysing cAMP, the PDE4 family is currently a target for small-molecule inhibitors to treat diseases such as asthma, COPD (chronic obstructive pulmonary disease) and cancer [6] . One mechanism used by this family to achieve local PDE activity is compartmentalization to specific areas in the cell by AKAPs. AKAP450 and mAKAP are both capable of scaffolding the signaltermination enzyme PDE4D3 within the same complex as PKA [5, 7] . This provides a mechanism to control cAMP levels and thus PKA activity. In fact, functional and biochemical studies have shown that PDE4D3 is a substrate of PKA [8] [9] [10] [11] . In the case of mAKAP, hormonal stimulation of cAMP levels causes the release of the catalytic subunit of mAKAP-anchored PKA and results in phosphorylation of PDE4D3 on Ser-54 (PDE4D3 Ser-54). This enhances PDE4D3 activity 2-fold, results in the breakdown of cAMP to basal levels and causes the re-formation of the PKA holoenzyme [5, 8, 9] . This negative-feedback loop is active at the nuclear membrane of cardiomyocytes where mAKAP is localized via three spectrin repeats [5, 12] .
Although biochemical studies have shown that PKA phosphorylates all the long isoforms of the PDE4D family for enzyme activation, PDE4D3 is unique in that it can be phosphorylated on a second site, Ser-13 (PDE4D3 Ser-13) [6, 8] . However, the functional consequences of Ser-13-phosphorylation on PDE4D3 were unknown until now. mAKAP binds to the 15 unique amino acids that make up the N-terminus of PDE4D3, and, reciprocally, PDE4D3 binds to the central portion of mAKAP containing residues 1286-1831 [5] . Intrigued by the observation that the mAKAP-interaction site for PDE4D3 contains an established PKA-phosphorylation site, we sought to understand the molecular basis by which these two proteins interact. Using several different in vitro and cellular binding methods, our results demonstrate that PKA-phosphorylation of PDE4D3 on Ser-13 increases the affinity of PDE4D3 for mAKAP. Hence this is the first study to assign a functional consequence to PKA-phosphorylation of PDE4D3 Ser-13.
EXPERIMENTAL

Phosphorylation of PDE4D3 peptide and pull-down assay
Biotin-labelled PDE4D3 peptide 1-16 (Biotin-MMHVNNFPFR-RHSTIC, synthesized by Cell Essentials, Boston, MA, U.S.A.) was used for phosphorylation by PKA. Peptide (5 mM) was incubated in PKA kinase buffer (50 mM Tris/HCl, pH 7.5, and 5 mM MgCl 2 ) containing 100 µM ATP, 5 µM [γ -32 P]ATP and 0.3 mM cAMP with or without the PKA catalytic subunit for 15 min at 30
• C. The reaction mixture was spotted on to p81 phosphocellulose paper, washed five times in 75 mM phosphoric acid and once in 95 % ethanol. Filters were air-dried and were counted for radioactivity by liquid-scintillation counting.
For the pull-down assay, the same peptide (5 mM) was incubated in PKA kinase buffer containing 100 µM ATP and 0.3 mM cAMP with or without the PKA catalytic subunit for 2 h at 30
• C. To each sample, 15 µl of Neutravidin beads (Pierce) was added and then rocked for 1 h at room temperature (22
• C). The precipitates were washed three times with HSE buffer {20 mM Hepes, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1 % (v/v) Triton X-100, 1 mM DTT (dithiothreitol), 1 mM sodium orthovanadate, 50 mM sodium fluoride, 1 mM benzamidine, 0.2 µg/ml leupeptin, Abbreviations used: AEBSF, 4-(2-aminoethyl)benzenesulphonyl fluoride; AKAP, A-kinase-anchoring protein; mAKAP, muscle-selective AKAP; β 2 AR, β 2 -adrenergic receptor; FP, fluorescence polarization; HRP, horseradish peroxidase; IBMX, 3-isobutyl-1-methylxanthine; PDE, phosphodiesterase; PKA, cAMP-dependent protein kinase; PP, protein phosphatase; VSV, vesicular stomatis virus. 1 These authors contributed equally to this work. 2 To whom correspondence should be addressed (e-mail scott@ohsu.edu).
0.2 µg/ml pepstatin and 1 mM AEBSF [4-(2-aminoethyl)benzenesulphonyl fluoride]} and resuspended in 500 µl of HSE buffer containing 5 µM recombinant mAKAP fragments. Reactions were incubated overnight at 4
• C with rocking. Precipitates were washed three times with HSE buffer, and bound proteins were subjected to SDS/ 7.5 % PAGE, followed by immunoblotting with anti-His antibody (1:5000, Amersham Biosciences). For densitometry, the amount of mAKAP 1286-1831 fragment co-immunoprecipitated with the peptides was quantified using NIH Image software and expressed as arbitrary units.
In vitro peptide-binding assay
Biotin-labelled PDE4D3 peptide 1-16 and biotin-labelled PDE4D3 phospho-Ser-13 peptide 1-20 [Biotin-MMHVNNFPF-RRHS(PO 4 )TICFNVN, synthesized by Cell Essentials] were resuspended in water containing 20 % (v/v) DMSO to a working concentration of 50 µM. The mAKAP 1286-1831-His protein was generated by infecting H9C2 cells for 2 days with adenovirus directed to express the fragment and then lysing cells in HSE buffer. The extract was cleared by centrifugation at 16 000 g for 10 min, and soluble extract was used as the input. For the binding assay, 25 µl of mAKAP 1286-1831-His-containing extract was added to peptides that were diluted to various concentrations in HSE lysis buffer containing 10 % (v/v) DMSO in a final volume of 1 ml. To each sample, 20 µl of Neutravidin beads was added and incubated overnight with rocking at 4
• C. Precipitates were washed three times in HSE buffer, resolved by SDS/7.5 % PAGE and analysed by anti-His immunoblotting. Quantifying bands using NIH Image, dividing each value by the largest value within an experiment and multiplying by 100 determined the normalized percentage bound. The reported values were generated from the average of three independent experiments. 
Plasmids, transfection and immunoprecipitation-Western analysis
The pcDNA3.1-mAKAP-MYC-HIS and pcDNA3.1-mAKAP-(Ile2062Pro)-MYC-HIS plasmids were described previously [12] . The pcI-NEO-PDE4D3-VSV (where VSV is vesicular stomatis virus) plasmid was a gift from Professor Miles Houslay (University of Glasgow, Glasgow, Scotland, U.K.). PDE4D3 phosphomutants were created to mimic the non-phosphorylated form (pcI-NEO-PDE4D3-Ser13Ala-VSV) or the phosphorylated form (pcI-NEO-PDE4D3 Ser13Glu-VSV) by site-directed mutagenesis (Stratagene) following the manufacturer's instructions.
DNA (10 µg total) was transfected into 10-cm-diameter dishes of 50 % confluent HEK-293 cells. At 2 days after transfection, cells were lysed with 1 ml of lysis buffer [10 mM Na 2 PO 4 , pH 7.4, 150 mM NaCl, 5 mM EDTA, 5 mM EGTA, 1 % (v/v) Triton X-100, 1 mM benzamidine, 0.2 µg/ml leupeptin, 0.2 µg/ml pepstatin and 1 mM AEBSF], and extracts were cleared by centrifugation at 16 000 g for 10 min. Equal amounts of protein were immunoprecipitated with 4 µg of anti-VSV antibody (Sigma). Immunoprecipitates were washed twice with lysis buffer, twice with lysis buffer containing 0.6 M NaCl and twice with lysis buffer without detergent, then resolved by SDS/7 % PAGE and transferred on to nitrocellulose. Bound proteins were detected by blotting with anti-mAKAP-VO145-HRP (where HRP is horseradish peroxidase) (1:5000) and anti-VSV antibodies (1:150 000). Anti-VO145 was generated in rabbits against the mAKAP fusion protein 1446-2312-His. Conjugation of anti-VO145 to HRP was performed according to the manufacturer's instructions (Alpha Diagnostic International, San Antonio, TX, U.S.A.).
Cell-stimulation studies were performed before lysis as follows. Cells were serum starved for 5 h, then stimulated with 10 µM forskolin and 50 µM IBMX (3-isobutyl-1-methylxanthine) or DMSO control for 15 min. For densitometry, bands were quantified using NIH Image software. The amount of mAKAP bound was normalized to the amount of PDE4D3 immunoprecipitated.
RESULTS AND DISCUSSION
mAKAP requires anchored PKA to interact with PDE4D3 efficiently in cells PDE4D3 contains two PKA-phosphorylation sites, Ser-13 and Ser-54. PKA-phosphorylation of Ser-54 increases mAKAPbound PDE4D3 activity 2-fold [8] [9] [10] . However, no known functional consequence has been ascribed to phosphorylation of Ser-13. Since the mAKAP-binding domain of PDE4D3 contains Ser-13, we hypothesized that PKA-phosphorylation of this site regulates PDE4D3 binding to mAKAP.
We tested this hypothesis in two ways with a heterologous expression system (Figure 1 ). First, we tested if the interaction between mAKAP and PDE4D3 increased when mAKAP-anchored PKA was fully activated by forskolin ( Figure 1A, lanes 1 and 2) . Secondly, we tested whether PDE4D3 preferentially associated with PKA-bound mAKAP using an mAKAP mutant that abolishes its ability to interact with the PKA holoenzyme (Ile2062Pro) ( Figure 1A, lanes 3 and 4) . Mutant and wild-type mAKAP were co-transfected into HEK-293 cells with PDE4D3-VSV. Before lysis, cells were serum-starved and then stimulated with forskolin and IBMX to fully activate cellular PKA. Immunoprecipitation of PDE4D3-VSV was performed with anti-VSV antibody, samples were washed, and bound proteins were resolved by SDS/PAGE. Equal levels of PDE4D3-VSV were immunoprecipitated as determined by anti-VSV Western blot ( Figure 1A The PDE4D locus gives rise to nine different isoforms by alternative splicing. These nine forms contain an identical catalytic region, but unique N-termini (Figure 2A ) [6, 13, 14] . The 15 unique N-terminal amino acid residues of PDE4D3 are sufficient to bind to mAKAP residues 1286-1831 [5] . Within this region is an established PKA-phosphorylation site, Ser-13 [8] [9] [10] [11] . To determine whether phosphorylation of this residue affects mAKAP binding, we performed in vitro pull-down assays with phosphorylated and non-phosphorylated peptide containing this unique region ( Figure 2C ). Peptide was initially subjected to a kinase assay with and without the PKA catalytic subunit to confirm that the peptide could be sufficiently phosphorylated by PKA (Figure 2B) . Phosphorylation was then carried out without radiolabel to generate phosphorylated peptide for the pull-down assay. PKAphosphorylated and non-phosphorylated peptide were precipitated, incubated with bacterially produced His-tagged mAKAP fragments, washed, resolved by SDS/PAGE and analysed by Western blot. Only the mAKAP fragment 1286-1831-His bound significantly to the peptide ( Figure 2C , top and middle blots, lane 1) even though similar amounts of mAKAP fragment 1446-2313-His were tested ( Figure 2C, bottom blot) . However, pulldown of the PKA-phosphorylated peptide resulted in more co-precipitation of mAKAP 1286-1831-His than non-phosphorylated peptide ( Figure 2C, lane 1, compare top and middle blots) . The difference in band density, 517 + − 258 units for non-phosphorylated peptide and 5807 + − 1794 units for PKA-phosphorylated peptide, is at least 5-fold as demonstrated in the graph of Figure 2(C) . This experiment provides in vitro evidence that phosphorylation of PDE4D3 peptide by PKA increases its affinity for the mAKAP fragment. In combination with the previous experiment, this strengthens the notion that PKA-phosphorylation of the PDE positively affects association with mAKAP.
Phosphorylation of PDE4D3 peptide on Ser-13 increases its affinity for mAKAP 1286-1831
To quantitatively determine the effect of PDE4D3 Ser-13-phosphorylation on mAKAP 1286-1831 binding, an in vitro binding curve was performed using known concentrations of biotintagged peptide synthesized to contain phospho-Ser-13 and nonphospho-Ser-13 ( Figure 3A) . Known concentrations for each peptide were mixed with a fixed amount of cell extract containing mAKAP fragment 1286-1831-His. Pull-down of the peptide with Neutravidin beads demonstrated that the mAKAP fragment bound to lower concentrations of Ser-13-phosphorylated peptide than non-phosphorylated peptide. Non-phosphorylated peptide bound to the mAKAP fragment at a concentration of 2.5 µM, while Ser-13-phosphorylated peptide bound to the mAKAP fragment at least 5-fold better at a concentration of 0.5 µM. Bands were quantified by densitometry, and the normalized percentage bound was plotted against the concentration of peptide used ( Figure 3B ). The graph illustrates that the PDE4D3 peptide has a higher affinity for the mAKAP fragment when it is phosphorylated on Ser-13. One peculiar phenomenon observed in this experiment is that the non-phosphorylated peptide bound significantly more mAKAP than the Ser-13-phosphorylated peptide when 12.5 µM and higher peptide concentrations were tested. We cannot explain this unusual, but reproducible, effect that was observed in three independent experiments.
To obtain kinetic data describing the PDE4D3 peptide 1-20 and mAKAP fragment 1286-1831-His interaction, FP measurements were taken (Figure 4 ). Ser-13-phosphorylated and nonphosphorylated peptides were conjugated to FITC, and known concentrations were mixed with a fixed amount of bacterially expressed mAKAP 1286-1831-His protein. FP measurements were taken, and a saturation-binding curve for each peptide was generated as shown in Figure 4 . From this information, we calculated the K d s for each experiment. The averaged results from five independent experiments showed a K d of 7.1 + − 0.7 µM for Ser-13-phosphorylated peptide and a K d of 1.9 + − 0.1 µM for nonphosphorylated peptide. Thus phosphorylation of the PDE4D3 peptide on Ser-13 increases the K d for the mAKAP fragment at least 3-fold.
Mimicking phosphorylation of PDE4D3 on Ser-13 increases its affinity for mAKAP
To understand if there is a consequence when PDE4D3 is phosphorylated on Ser-13 in cells, Ser-13 mutants were generated and used for immunoprecipitation-Western blotting experiments ( Figure 5) . A mutant that abolishes the phosphorylation site, Ser13Ala, and a mutant that mimics the phosphorylation site, Ser13Glu, were transfected into HEK-293 cells with full-length mAKAP. Immunoprecipitation of PDE4D3-VSV was performed using anti-VSV antibody, samples were washed, and bound proteins were resolved by SDS/PAGE. Co-immunoprecipitation of mAKAP was analysed by Western blot using anti-mAKAP-HRP antibody. More mAKAP bound to the PDE4D3 Ser13Glu mutant than to the PDE4D3 Ser13Ala mutant ( Figure 5 , top panel, compare lanes 5 and 6), even though equal levels of mAKAP and PDE4D3 mutants were expressed ( Figure 5 , bottom panels) and equal levels of PDE4D3 mutants were immunoprecipitated ( Figure 5, second panel) . These data demonstrate that in cells, fulllength mAKAP preferentially binds to PDE4D3 when it carries a negative charge on Ser-13, thus highlighting the functional significance of PKA-phosphorylation of PDE4D3 on Ser-13.
In the present paper, we show evidence that PKA-phosphorylation of PDE4D3 on Ser-13 results in a molecular change with the ability to affect signal transduction potential. Cell-based experiments comparing wild-type mAKAP and a mutant unable to anchor the PKA holoenzyme demonstrated that phosphorylation of PDE4D3 by fully activated mAKAP-anchored PKA is important for the high-affinity interaction between PDE4D3 and mAKAP. In vitro binding assays and FP using PDE4D3 peptide and mAKAP fragments clearly established that phosphorylation of PDE4D3 on Ser-13 enhances the recruitment of mAKAP. Further cellular studies using PDE4D3 mutants that abolish or mimic Ser-13-phosphorylation confirm this observation. Our data demonstrating the dependence upon mAKAP to anchor PKA for this effect give credence to the anchoring hypothesis that enzymes sequestered into signal transduction units are discretely activated for local activation and regulate local effects such as binding affinity. In addition to the present study, a study of gravin/AKAP250 demonstrated that phosphorylation of gravin by gravin-anchored PKA regulates its interaction with the β 2 AR (β 2 -adrenergic receptor) [15] . The authors demonstrated that activation of the β 2 AR with isoprenaline (isoproterenol) stimulated phosphorylation of gravin by PKA. Much like the present study, disruption of the amphipathic helix in gravin to abolish the binding site of the PKA RII subunit resulted in ablation of phosphorylation on gravin and, in turn, binding of gravin to β 2 AR. Hence, in several instances, increasing the binding affinity through anchored PKA-phosphorylation regulates the binding of an AKAP to another signalling enzyme.
The increase in binding affinity due to phosphorylation of PDE4D3 on Ser-13 provides another level to the tightly regulated negative-feedback model depicted in Figure 6 . That is, upon hormonal stimulation of a cell, cAMP increases and activates mAKAP-bound PKA. The catalytic subunits then phosphorylate local substrates, including PDE4D3. Robust phosphorylation of PDE4D3 on Ser-54 increases PDE activity 2-fold and causes cAMP breakdown. Phosphorylation of PDE4D3 on Ser-13 serves to enhance the binding affinity of PDE4D3 for mAKAP. As a result of PDE4D3 binding more tightly to mAKAP, PDE4D3 does not diffuse away from the local cAMP gradient. The significance of this effect is that it leads to localized PDE activity and quicker termination of the cAMP signal. Consequently, the return of basal cAMP levels allows for the re-formation of the PKA holoenzyme and resets the system.
Although we now know that mAKAP-anchored PKA-phosphorylation of PDE4D3 on Ser-13 and on Ser-54 each have mutually exclusive signalling effects, we still do not know if the phosphorylation events have an effect on one another. For example, does phosphorylation of one residue enhance the phosphorylation of the other in vivo? Evidence from MacKenzie et al. [16] suggests that Ser-54 is the first residue phosphorylated in cells. Using anti-phospho-Ser-13 and anti-phospho-Ser-54 antibodies, their study demonstrated that in COS7 cells, two populations of PDE4D3 phosphorylated on Ser-54 existed after 1 min of exposure to forskolin and IBMX. This is in contrast with only a single species detected for PDE4D3 phosphorylated on Ser-13. The authors describe the anti-phospho-Ser-54 doublet as two species of phosphoproteins: one that is phosphorylated only on Ser-54, and one that is doubly phosphorylated on Ser-54 and on Ser-13. This suggests that phosphorylation of Ser-54 precedes that of Ser-13 in this experiment. However, it is unlikely that phosphorylation of Ser-54 is a requirement for Ser-13-phosphorylation in vivo because Sette and Conti [8] demonstrated that PDE4D3 mutants Ser13Ala and Ser54Ala could each be phosphorylated to similar degrees using a cell-free phosphorylation system [8] . Finally, as shown by our data, mAKAP can bind to PDE4D3 that is not phosphorylated on Ser-13, but phosphorylation of this residue enhances the affinity of the interaction. While it is uncertain whether phosphorylation of one site influences the rate of phosphorylation at the second site, the current evidence suggests that the PDE4D3-phosphorylation events do not depend upon one another.
Finally, implicated in the regulation of the mAKAP-anchored negative-feedback loop is the requirement for a phosphatase to dephosphorylate Ser-13 and Ser-54. Co-immunoprecipitation experiments from rat heart extract demonstrated that PP (protein phosphatase) 2A subunits A and C are associated with the mAKAP complex [17] . PP1 and mAKAP were shown to co-sediment with the calcium-activated calcium release channel RyR (ryanodine receptor) prepared from cardiac sarcoplasmic reticulum [18] . Whether one of these two candidates resets the PDE or whether another phosphatase is responsible is not known. Future studies are planned to determine if an anchored phosphatase plays a role in this feedback loop and to determine if other signalling components, such as adenylate cyclases, associate with mAKAP at the nuclear envelope.
